The aim of this study was to identify bacteria present in ripened manganese removal filters for drinking water production. The bacterial population was identified with 'next generation' DNA sequencing, and specific bacteria were quantified with quantitative polymerase chain reaction (qPCR) and characterized by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) analysis. The 'next generation' DNA sequencing analysis showed a bacteria population shift from the iron oxidizing species Gallionella spp. in the Fe-filter to manganese and nitrite oxidizing species Pseudomonas spp. and Nitrospira spp., respectively, present in the manganese removal filter. qPCR analysis confirmed the presence of a low concentration of the wellknown Mn 2þ -oxidizing species Ps. putida in the manganese removal filter backwash water. Bacteria of the genus Pseudomonas, isolated from backwash water from a manganese removal filter were cultured and identified with MALDI-TOF MS analysis. Amongst others, P. gessardii, P. grimontii, and P. koreensis were identified. The presence of several manganese oxidizing bacteria species in ripened filter media supports the assumption that a microbial consortium is involved in the oxidation of manganese. Understanding the mechanisms by which manganese coating of filter media commences could endorse the creation of conditions favouring Birnessite formation, and possibly help in reducing typically long ripening periods of manganese removal filters with virgin filter media.
INTRODUCTION
An important drawback of aeration-rapid sand filtration, commonly applied in several West European countries to remove manganese from groundwater, is the long filter media ripening period. Farnsworth et al. () reported that manganese oxide formed on the filter media, responsible for manganese removal, is a Birnessite type of mineral. Due to its structure, Birnessite has outstanding properties to adsorb and subsequently oxidize Mn 2þ (Post & Veblen ; Post ) . Bruins et al. (a) showed that Birnessite present in the coating of a ripened manganese removing filter in operation for over 15 years, was of physicochemical origin. Chemical formation of Birnessite requires alkaline conditions (Feng et al. ) . The redox potential -pH diagram for aqueous manganese (Stumm & Morgan ) , suggests that besides a high pH, a high redox potential is required for chemical formation of MnO x . Such water quality characteristics are not common for groundwater with, usually, low pH and low redox potential. Using electron paramagnetic resonance and Raman spectroscopy, Bruins et al. (b) , showed that formation of Birnessite most likely starts through biological activity. In a number of other studies, it was also proposed that manganese removal is an obligatory biological process (Vandenabeele et The goal of this study was to provide additional insight into the role of microbes in manganese removal. A specific objective of the study was to identify (with molecular (DNA) techniques) species of bacteria present in iron removal filters, and freshly ripened manganese removal filters. Furthermore the capability of selected bacterial species found in manganese Figure 1 | Simplified co-metabolic degradation scheme of NOM by biological MnO x oxidation (adopted from Meerburg et al. (2012) and Verstraete (2013) ).
removal filters to oxidize Mn 2þ was investigated in the laboratory. This study will enhance knowledge of the role of biological activity in the ripening of manganese filters in practice and show how to create conditions favorable for the biological manganese oxidation process.
MATERIALS AND METHODS
The experiments presented in this paper were carried out on a pilot plant located at a full scale groundwater treatment plant (GWTP) 'Grobbendonk', operated by the water supply company Pidpa, Belgium.
The full scale plant consists of a pre-aeration step (cas- To determine the presence and composition of the bacteria population, during the filter media ripening process samples were taken from backwash water from the 1st filtration step in the full scale plant Grobbendonk ('BW 1st RSF'), and backwash water from the pilot filter column A1
('BW A1'). Backwash water was used to obtain a higher bacteria yield. 'BW A1' was sampled when filter media ripening was almost completed (i.e., manganese removal efficiency in the filter was >90%). grown on a selective growth medium, was used as a reference.
Next generation DNA sequencing
Samples were taken from both, 'BW 1st RSF' and 'BW A1'.
The DNA in the samples was extracted using the power bio- 
).
In short, sequences were analysed and sequencing errors were reduced using flowgrams. To reduce computing time the maximum number of flows was set to 650-900 depending on the number of available sequences (50,000-200,000). Subsequently, sequences were trimmed (arbitrary choices: only sequences with minimum lengths of 200 bp and with both primer sequences were selected, tdiffs: 3, and max homop: 8). Sequences were identified against the Silva reference file release 111 (www.arb-silva.de). To display sequence abundance a taxonomic tree was calculated with a minimal percentage of all observations of >1%.
qPCR
For the qPCR measurements employed to determine Leptothrix spp., a Light cycler 480 II from Roche was used.
Samples were taken from both 'BW 1st RSF' and 'BW A1'. A sample of 100 mL water was filtered through a 0.45 μm membrane filter. The filter was used in the 'powerbiofilm DNA extraction kit' from MoBio (article number: 24000-50).
DNA extraction is based on mechanical and chemical lysis.
DNA binds to a silica membrane, followed by wash steps.
After that, DNA is eluted in 100 μl elution buffer from the MoBio kit. Primers and probe for Leptothrix spp. were heterogeneous for its 16S rRNA. Two upstream primers for
Leptothrix spp. are required to get all relevant species.
Forward primer1 PS-1:
Forward primer2 PSP-6: 5 0 CAGTAGTGGGGGA-
Reverse primer DSP-6: 5 0 GCTTTTGTCAGGGAA-
Lepto-pr6 forward: 5 0 CACGCGGCATGGCT 3 0 *Cy5 and the gyrB gene of P. putida (HF545867.1).
MALDI-TOF MS
With this technique microorganisms can be identified directly after culturing on selective agar media. Spectra were generated with the MALDI-TOF MS biotyper from Brϋker Daltonik GmbH, and compared with approximately 4,000 spectra in the Brϋker Daltonik GmbH database. In a log score from 1 to 3, the MALDI-TOF biotyper defined the similarity of the known and unknown spectra.
When the log score is between 2 and 2.3, the genus identification is secure and probably the species is also identified. With a log score >2.3, it is highly probable that the species is identified.
MALDI-TOF MS is based on the chemotaxonomy of microorganisms. This 'fingerprint' is based on identified proteins of the microorganism. These proteins are always present in a living cell and make it possible to characterize microorganisms. In this project we expected Pseudomonas to grow in the filter column where Mn 2þ was oxidized ('BW A1').
Samples were filtered through a 0.45 μm membrane and incubated on Pseudomonas specific agar, a media containing cetrimide and sodium nalidixate to inhibit gram positive bacteria and some gram negatives other than Pseudomonas.
Pseudomonas secretes a variety of pigments, including pyocyanin (blue-green), pyoverdine (yellow-green and fluor-
escent), and pyorubin (red-brown). Coloured colonies on a
Pseudomonas agar are suspected to be Pseudomonas, and they were identified using the MALDI-TOF MS biotyper 
RESULTS AND DISCUSSION
Next generation DNA sequencing Table 1 The observation that 14.3% of the bacterial population found in 'BW A1' consists of Pseudomonas spp., a potential manganese oxidizing bacterium, supports the assumption that manganese removal starts biologically (Bruins et al. b) .
qPCR Leptothrix spp. and Pseudomonas spp., are both able to oxidize dissolved manganese. Their concentration was quantified with qPCR as the number of DNA copies (n [cDNA/L]) present in 'BW A1'. Furthermore the concentration of the species Pseudomons putida was quantified with the same technique. Table 2 gives an overview of the number of quantified species, expressed as DNA copies/L.
From Table 2 it is clear that from the potential manganese oxidizers the presence of Pseudomonas spp. was much more pronounced than the presence of Leptothrix spp. This supports the fact that Leptothrix spp. were not found with the next generation DNA sequencing. Also Pseudomonas putida was present in relatively low concentrations, compared to the genus Pseudomonas. In literature Pseudomonas putida is often associated with biological manganese removal. However, the species Pseudomonas putida was not ubiquitous and thus not likely responsible for the fast ripening of manganese removal filters in the pilot testing performed in this study. At the same time it is plausible that other closely related Pseudomonas species contributed to this process.
MALDI-TOF MS
Several colonies isolated from sample 'BW A1', were cultured with a Pseudomonas agar and were identified by using the MALDI-TOF MS biotyper. Table 3 shows an overview of all identified Pseudomonas species present in the backwash water of a freshly ripened manganese removal filter.
The genus Pseudomonas consists of many very closely related species. No Pseudomonas putida was identified in any of the samples with MALDI-TOF MS. This was expected based on the low contribution of the strain P.
putida to the total bacterial population determined with qPCR (<0.01%). The list of Pseudomonas species (Table 3) Pseudomonas grimontii (Figure 2 ) 2.15
Pseudomonas koreensis (Figure 2 ) 2.14 Pseudomonas extremorientalis 2.07
Pseudomonas marginalis 2.04
Pseudomonas tolaasii 2.03
Pseudomonas azotoformans 2.03
Pseudomonas rhodesiae 2.00 manganese removal (Table 3) , taking into account that the Birnessite (MnO x ) produced in the pilot filter column during the ripening period was of biological origin (Bruins et al. b) . 
CONCLUSIONS
From this study the following can be concluded:
• Based on 'next generation DNA sequencing' analyses, the population of bacteria present in backwash water from an iron removal filter (first step filter in a full scale plant), and the freshly ripened pilot manganese removal filter showed a clear population shift from the iron oxidizing Gallionella • qPCR analysis showed that less than 0.01% of the genus Pseudomonas present in the freshly ripened manganese removal pilot filter column was the Pseudomonas putida species.
• Pseudomonas is most likely one of the manganese oxidizing bacteria genera that play an important role in the initial stage of the ripening of the manganese removal filters at the full scale GWTP Grobbendonk. However, it is still unclear whether this genus of bacteria is acting alone or as part of a microbial consortium.
• Amongst others, P. gessardii, P. grimontii and P. koreensis, closely related Pseudomonas species, were detected by the MALDI-TOF MS analysis, and are probably involved in the manganese removal process, possibly as part of a bacterial consortium.
• Selected Pseudomonas species from the ripened filter media column, namely Pseudomonas grimontii and Pseudomonas koreensis, were not able to produce MnO x under controlled laboratory conditions, whereas the reference species Pseudomonas putida was able to do so. 
